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RECOMBINANT COLLAGEN-LIKE PROTEINS 

GOVERNMENT FUNDING 

[00 1 ] This invention was made with government support under NAG9- 1 342 awarded by 
the National Aeronautics and Space Association. The government has certain rights in the 
invention. 

CROSS-REFERENCE 

[002] This application claims the benefit of U.S. Provisional Application No. 60/414,143, 
filed September 27, 2003 under U.S.C. § 119(e). 

FIELD OF THE INVENTION 

[003] The present invention relates generally to collagen proteins, and particularly to 
recombinant collagen-like proteins consisting of multiple homogeneous domains with high 
density of biologically active sites. 

BACKGROUND OF THE INVENTION 

[004] Collagen is one of the most attractive materials for a scaffold for tissue repair. In 
addition to its mechanical and structural characteristics, it is notable that the scaffold promotes 
cell attachment and migration and allows preservation of a specific phenotype. Moreover, a 
scaffold is an important device for delivery into a site of injury growth factors that promote 
tissue repair. The ability to engineer modified collagen-like molecules with novel structural and 
biological characteristics to produce materials for cartilage repair and tissue engineering would 
be beneficial. 

[005] Cartilage is an important target in tissue engineering. Millions of individuals are 
incapacitated by the destruction of articular cartilage by trauma or disease processes such as 
osteoarthritis or rheumatoid arthritis. However, the tissue does not repair itself. A greater 
understanding of the mechanism of attachment and migration of chondrocytes through collagen 
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matrices designed to promote cartilage repair and interaction of collagen with bone 
morphogenetic proteins is required. 

[006] Collagen II is the most abundant protein of cartilage, and it forms a network of fibrils 
that are extended by proteoglycans and, thereby, provide the resistance of cartilage to pressure. 
One approach to tissue engineering of cartilage has been to isolate chondrocytes from biopsy 
specimens of normal cartilage, expand the chondrocytes in culture, and then use the 
chondrocytes to re-surface degenerated articular cartilage in the same patient M . A related 
strategy is to use chondrocyte precursors from bone marrow 4 ' 5 or periosteum 6 . 

[007] In cartilage, chondrocytes are embedded in a matrix of collagen fibrils and 
proteoglycans 10 . Over six different types of collagen have been identified in cartilage 1 \ but 
collagen II accounts for 95% of the total collagen 12 . The role of collagen II in the organization 
of cartilage was demonstrated in mice with an inactivated COL2A1 gene 13 . Cartilage of 
homozygous animals consisted of highly disorganized chondrocytes and, as demonstrated by 
Yang et ah 14 , the cells underwent a rapid apoptosis. 

[008] A large number of materials have been tested for use in cartilage repair. These 
include synthetic biodegradable, non-biodegradable polymers, hydrogels 7> 8 and collagen 
purified from animal sources 9 . The advantage of synthetic polymers is that they make it possible 
to control physical properties such as texture, porosity, density and mechanical strength. 
However, most synthetic materials do not have optimal biological characteristics. Thus, there 
still exists a need for novel approaches to cartilage repair and tissue engineering. 

DESCRIPTION OF THE INVENTION 

[009] Before the present proteins and methods are described, it is understood that this 
invention is not limited to the particular methodology, protocols, cell lines, vectors, and reagents 
described, as these may vary. It is also to be understood that the terminology used herein is for 
the purpose of describing particular embodiments only, and is not intended to limit the scope of 
the present invention which will be limited only by the appended claims. 

[0010] It must be noted that as used herein and in the appended claims, the singular forms 
"a", "an", and "the" include plural reference unless the context clearly dictates otherwise. Thus, 
for example, reference to "a host cell" includes a plurality of such host cells. 
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[001 1] Unless defined otherwise, all technical and scientific terms used herein have the 
same meanings as commonly understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials similar or equivalent to those described 
herein can be used in the practice or testing of the present invention, the preferred methods, 
devices, and materials are now described. All publications mentioned herein are incorporated 
herein by reference for the purpose of describing and disclosing the cell lines, vectors, and 
methodologies which are reported in the publications which might be used in connection with the 
invention. Nothing herein is to be construed as an admission that the invention is not entitled to 
antedate such disclosure by virtue of prior invention. 

[001 2] The present invention provides recombinant collagen-like proteins containing 
multiple domains of collagen II region, e.g., Dl, D2, D3, D4 or D5. In one embodiment, the 
recombinant proteins of the present invention possess a higher density of biologically active sites 
available for specific interactions and have superior properties critical for successful tissue 
engineering, such as for preparation of a scaffold to form cartilage in vitro. For example, the 
recombinant proteins of the present invention possess regions with high density of sites critical 
for attachment and migration of chondrocytes as well as for binding of bone morphogenic 
protein 2 (BMP-2). 

[0013] In one embodiment, the present invention provides a recombinant collagen-like 
protein comprising a multi-domain of the formula (D-D)x, wherein D is selected from the Dl, 
D2, D3, D4 or D5 protein domain of collagen and each D is identical, and wherein x is 1-5. In a 
preferred embodiment, x is 2. Preferably, x is a number that results in a protein that retains 
essentially the same structure (e.g., length, triple helical conformation) as the native protein. The 
collagen-like protein of the present invention may also include other domains such as those set 
forth in Table 1 below. A preferred protein has the structure CtD5 D4D4D4D 1 Nt. 

[0014] The present invention also provides a nucleic acid sequence encoding the 
recombinant collagen-like protein. The nucleic acid may be DNA, cDNA or RNA. The nucleic 
acid may be part of a host cell. 

[0015] A DNA cassette system may be utilized to engineer constructs that encode collagen- 
like proteins consisting of multiple homogeneous domains of human collagen II, e.g., domains 
Dl , D2, D3, D4 or D5 of the triple helix. The method disclosed in detail by Arnold et al, 29 may 
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be used. A preferred domain is the D4 region of the triple helix of human collagen II, which is 
critical for integrin-mediated interaction between chondrocytes and collagen II. 

[0016] The collagen-like protein can be produced in a recombinant DNA system, for 
example, as described in US Patent Nos: 5,405,757 and 5,593,859, and incorporated herein by 
reference in their entirety. cDNA cassettes can be synthesized as described in detail by Arnold et 

29 

al, to produce the recombinant collagen-like protein. DNA constructs can be expressed in 
HT-1080 cells and recombinant proteins can be purified from cell culture media as described by 
Fertala et al 30 . An example of how to make a recombinant collagen-like proteins of the present 
invention is shown infra. 

[0017] The purified protein can be used in cartilage repair and tissue engineered constructs. 

[001 8] The invention will be further characterized by the following examples which are 
intended to be exemplary of the invention. 

EXAMPLE 1 

METHODS AND MATERIALS 

[0019] Procollagen II DNA cassette system-To produce genetically engineered collagen II 
variants lacking consecutive fragments of 234 amino acids, defined here as D-periods because of 
correlation with the D-periodicity of collagen fibril 34 , cDNA cassettes were synthesized as 
described in detail by Arnold et al 29 DNA constructs were expressed in HT-1080 cells and 
recombinant procollagens were purified from cell culture media as described by Fertala et al 30 . 

[0020] Human chondrocytes-Human chondrocytes were isolated from fetal epiphyseal 
cartilage removed under sterile conditions from femoral heads, knee condyles and tibial plateaus. 
Isolated chondrocytes were cultured in a suspension in tissue culture dishes coated with poly- 
HEMA (poly(2-hydroxyethyl methacrylate); Polysciences, Inc., Malvern, PA) according to the 
method described by Reginato et al 35 . 

[0021 ] Preparation of the microtiter plates for the cell attachment and the spreading assays 
- To coat microtiter plates, collagen II samples dissolved in 0.1 M acetic acid at a concentration 
of 50 M-g/ml were added to microtiter plates and allowed to dry under a laminar flow hood over 
night. The plates were then rinsed with phosphate buffered saline (PBS) and blocked with heat 
denatured bovine serum albumin (BSA; Sigma). 



[0022] Seeding of chondrocytes on recombinant collagens II variants - Human 
chondrocytes were cultured in a suspension in tissue culture plates coated with poly-HEMA. To 
isolate chondrocytes the cell aggregates were transferred to the culture medium containing 2 
mg/ml of trypsin and 2 mg/ml of collagenase. After 2 h of incubation, released chondrocytes 
were passed through a 70-um nylon filter and collected in a 50 ml conical tube. The cells were 
sedimented by centrifugation at 1,500 rpm for 10 minutes. Subsequently, the cells were washed 5 
times with DMEM supplemented with 10% fetal bovine serum, transferred to a fresh tissue 
culture dish coated with poly-HEMA, and incubated in a tissue culture incubator. After a period 
of 2 h, the cells were washed with serum-free DMEM, counted, and suspended to 2 x 10 5 
cells/ml in DMEM, 10% BSA. Fifty microliters of PBS containing 0.1 mg/ml of MgCl 2 and 0.1 
mg/ml of CaCl 2 were added to each well of a microtiter plate, followed by 50 pi of the cell 
suspension. The cells were allowed to attach to the plates for 3 hours. In the experiments with 
inactivation of pi integrins, anti-human pi integrin antibodies (Life Technologies Inc.), diluted 
1 :100, were added to the wells prior to the addition of the cell suspension. Microtiter plates were 
incubated for 3 h, and the adhesion and the spreading of chondrocytes were evaluated. 

[0023] Attachment of chondrocytes to the collagen II variants- After three hours of culture, 
the cell layer was washed with PBS containing MgCl 2 and CaCl 2 and fixed by the addition of 10 
ul of a 50% (w/v) glutaraldehyde solution. After 1 h, the wells were rinsed with water, and the 
cells were stained with 1% solution of crystal violet in 200 mM MES (2-[N- 
morpholino]ethanesulfonic acid), pH 6.0, for 30 min. at room temperature. The excess dye was 
washed off with water and the cell-bound dye was dissolved with 100 ul of 10% (v/v) acetic 
acid. The absorbance was read at 570 nm. Results from five independent experiments were 
analyzed using the Cricket Graph statistical program (Cricket Software, Malvern, PA). 

[0024] Spreading of chondrocytes on recombinant collagens II lacking specific D-period - 
To evaluate the spreading of chondrocytes seeded on collagen II with deleted D-periods after 
three hours of culture, the cells were fixed by an addition of 10 pi of a 50% (w/v) glutaraldehyde 
solution directly to the wells and then stained with Giemsa stain (Sigma). To determine the 
percentage of the spread cells, the surface area of cells was measured. Morphometric analysis of 
cells was done with an inverted microscope (Olympus 1X50, Olympus, Japan) equipped with a 
digital camera (Photometries Systems) and connected to a personal computer. Surface areas of 
the chondrocytes from five non-overlapping areas of a single well were measured using the 
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Phase3 Imaging program (Imaging Systems). Data from five independent experiments were 
collected and analyzed with the Cricket Graph program. 

[0025] Synthesis of three-dimensional nanofibrous matrices containing recombinant 
collagen II - Nanofibrillar matrices were synthesized using polymers with free NH 2 groups for 
the covalent binding of collagen 36 . In brief, poly (L-lactic acid) (Mw 200,000; Polysciences, Inc) 
was mixed with poly(e-CBZ-L-lysine) (Mw 260,000; Sigma) at a 4:1 ratio. The carbobenzoxy 
(CBZ)-protected form of L-lysine was used to prevent involvement of side chain groups in the 
formation of a CONH bond during peptide synthesis. A mixture of polymers was then dissolved 
in chloroform and used to generate nanofibrillar material in the electrostatic spinning process 37 
(Fig. 2). In this non-mechanical technique a high electric field is generated between a polymer 
fluid contained in a glass syringe with a capillary tip and a metallic collection screen. When the 
voltage reaches a critical value, the charge overcomes the surface tension of the deformed drop 
of the suspended polymer solution created on the capillary tip, and a jet is produced. The 
electrically charged jet undergoes a series of electrically induced bending instabilities during its 
passage to the collection screen that results in hyper-stretching of the jet. This process is 
accompanied by the rapid evaporation of the solvent. The dry fibers are accumulated on the 
surface of the collection screen, resulting in a non-woven mesh of nanofibers. Covalent binding 
of collagen was carried out according to the method developed by Zheng and collaborators 36 . 
Briefly, to activate CBZ protected s-amino groups, the matrices were placed in a 4.5 M HC1 
solution in glacial acetic acid and incubated for 30 min. at 37°C. The samples were neutralized 
by an addition of 0.1 M sodium carbonate and then stored in sterile water at 4°C. Recombinant 
collagen stock solutions were diluted to a final concentration of 200 ng/ml with 10 mM MOPS 
(3-(N-Morpholino)propanesulfonic acid), adjusted to pH 4.5, containing 5 mg/ml of water 
soluble carbodiimide (l-ethyl-3-[3-bimethylaminopropyl] carbodiimide; Pierce). The activated 
amino groups were permitted to react with collagen for 48 h at 4°C. Unbound collagen was then 
removed by a washing of the matrices with 10 mM HC1, followed by a washing with water. The 
efficiency of incorporation of collagen into nanofibrous matrices was determined by an analysis 
of the hydroxyproline content after acid hydrolysis and reaction with /?- 
dimethylaminobenzaldehyde 38 . 

[0026] Growth of chondrocytes in three-dimensional nanofibrous scaffold - The 
nanofibrous scaffolds coated with collagen II variants were placed into separate wells of a 
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microtiter plate. Chondrocytes were seeded onto the scaffolds at 10,000 cells/well and cultured 
for up to 50 days. Fifty percent of the media supplemented with 40 ng/ml of ascorbic acid was 
changed every 48 h. In the experiments with the blocking of pi integrins, the monoclonal anti- 
human pi integrin antibodies were added to the wells prior to the addition of the cell suspension. 
After 48 h of culture, the cells seeded onto nanofibrillar matrices were examined by scanning 
electron microscopy. In addition, after 50 days, the morphology of the synthesized matrix was 
examined by light microscopy, and the sub-structure of synthesized extracellular matrix was 
examined by transmission electron microscopy. 

[0027] Analysis of secretion of collagen II and collagen IX — Proteins secreted into the 
media by chondrocytes cultured for 50 days in matrices coated with the full length collagen II 
were precipitated with polyethylene glycol (8,000 Mw; Sigma) at concentration of 5 % (w/v). 
The proteins were then collected by centrifugation at 13,000 x g for 30 min. at 4°C, dissolved in 
0.1 M Tris-HCl buffer (pH 7.4) containing 0.4 M NaCl, 25 mM EDTA, and 0.04% NaN 3 . 
Consequently, collagens II and IX were examined by SDS-polyacrylamide gel electrophoresis 
under reducing conditions followed by electroblotting and Western analysis with anti-collagen, 
type-specific antibodies (Chemicon, Inc). Recombinant collagen IX, used as a marker, was a 
kind gift from Dr. Leena Ala-Kokko (Tulane University, New Orleans, LO). 

RESULTS 

[0028] Synthesis of recombinant collagen II - As shown previously 39 , all recombinant 
variants of collagen II were triple helical at physiological temperature (Fig. 1). 

[0029] Distribution of sites for binding of chondrocytes to collagen II - Human 
chondrocytes were seeded onto collagen variants lacking specific D periods. After 3 h of 
incubation, the cell layer was washed with PBS containing Ca 2+ and Mg 2+ ions, fixed with 5% 
glutaraldehyde, and stained with crystal violet. The dye was dissolved in 10% acetic acid, and 
the absorbance was measured at 570 nm. The number of attached chondrocytes was the same in 
all analyzed samples, as indicated by similar values of the absorbance (Fig. 3). These results 
indicate that the amino acid sequences important for binding of chondrocytes to collagen II are 
uniformly distributed throughout the collagen II monomer. 

[0030] Spreading of chondrocytes on collagen II variants— Human fetal chondrocytes were 
seeded onto the microtiter plates coated with collagen II variants. Cells were allowed to interact 
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with collagen for 3 h. Subsequently, the cells were fixed and stained with Giemsa stain and 
examined with a light microscope (Fig. 4). The cells grown on plates coated with full-length 
collagen II, -Dl, -D2, and -D3 collagen II had spread morphology. In contrast, most of the cells 
grown on the -D4 collagen II or BSA-coated plates remained spherical. The extent of the 
spreading of chondrocytes was analyzed with an inverted microscope equipped with a digital 
camera, and was expressed as the cell surface area. Mean values of the surface areas of 
chondrocytes cultured on full-length collagen and collagens with deleted Dl, D2 and D3 periods 
were in the range between 560 ^m 2 and 670 pm 2 . The surface area of chondrocytes grown on 
collagen II with deleted D4 period or on BSA was approximately 450 |um 2 . The results were also 
expressed as a percentage of the cells with the surface area equal to or greater than the mean 
value of the surface area of the cells grown on the full-length collagen II. Full-length collagen II, 
-Dl, -D2 and -D3 collagen II supported the spreading of about 40% of chondrocytes cultures for 
3 h. In contrast, collagen II lacking the D4 period supported the spreading of only about 15% of 
the cells, a value similar to that obtained with chondrocytes grown on the plates coated with BSA 
(see Figure 4). Therefore, although amino acid sequences for the binding of chondrocytes are 

uniformly distributed throughout the collagen II monomer, the sequences for spreading of the 

♦ 

cells are located primarily in the D4 period (amino acids 704 to 938). 

[003 1 ] Role of the fil integrin in the binding and spreading of chondrocytes on collagen II - 
-. To analyze the role of pi integrins in collagen II-chondrocytes interaction, anti-pi integrin 
antibodies were used to specifically block the pi integrin-dependent attachment. The antibodies 
inhibited attachment of chondrocytes to all collagen II constructs by more than 50% (Fig. 3). In 
addition, anti-pl integrin antibodies inhibited the spreading of chondrocytes on full length, -Dl, - 
D2 and -D3 collagens to about 20%. In the samples with -D4 collagen II, spreading was reduced 
to about 12% (Fig. 4). These results indicate that pi integrins mediate both binding and 
spreading of chondrocytes on collagen II. Although pi integrin binding sites are uniformly 
distributed throughout the collagen II triple helical domain, the pi integrin-mediated spreading 
of chondrocytes depends on interactions with amino acid residues located in the D4 region of 
collagen II. 

[0032] Three-dimensional nanofibrous matrix - Three-dimensional matrices were prepared 
from mixtures of poly(L-lactic acid) and poly(e-CBZ-lysine) by the electrostatic spinning 
method. The matrices were coated with genetically engineered recombinant collagen II variants 
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and used as a support for chondrocyte attachment and spreading. The amount of collagen bound 
to the surface of the nanofibers was about 2^ig/mg, and non-specific binding of collagen II to the 
non-activated polymer was about O.lng/mg. The average diameter of a nanofiber was 360 nm, 
and the average size of a single pore in the fibrous network was 2.1 [im. The thickness of an 
average material was 0. 1 mm. The continuity of nanofibrous structures was interrupted by the 
presence of bead-like structures (Fig. 5) that were formed during the process of electrostatic 
spinning. As described by Fong et al 40 , the presence of such beaded nanofibers can be 
explained by the capillary breakup of the electrostatic spinning jets due to surface tension. 

[0033] Growth of chondrocytes on nanofibrous matrices -To study how the different 
collagen II regions promote cell attachment and migration of chondrocytes through three- 
dimensional matrices, nanofibrous materials coated with collagen II variants were fabricated and 
used in the migration assays. As indicated in Figure 5, cells seeded onto matrices coated with 
full-length collagen and -D3 collagen migrated into cavities of a scaffold. Cells seeded onto 
matrices coated with - Dl or -D2 collagen II variants (data not shown) showed similar behavior. 
In contrast, chondrocytes seeded onto matrices coated with -D4 collagen or bovine serum 
albumin formed clusters and remained on a surface of a nanofibrous scaffold (Fig. 5 ). As 
indicated in Figure 6, the presence of anti-01 integrin antibodies abolished the ability of 
chondrocytes to migrate into matrices coated with full-length collagen. Therefore, these results 
may support the observation (see Figure 4) that the migration of chondrocytes on collagen II 
depends on the interaction of (31 integrins with amino acid sequences located in the D4 period of 
the collagen II molecule. 

[0034] Nanofibers are attractive materials because they provide a large surface area for 
attachment of cells. To date it has not been established whether nanofibrillar matrices are able to 
support long-term cultures of chondrocytes. Hence, to ensure continuous synthesis of 
cartilaginous proteins, the secretion of procollagen II and collagen IX was analyzed after 50 days 
of culture. As demonstrated by Western blot analysis (Fig. 7), chondrocytes secreted procollagen 
II and collagen IX. Procollagen II was partially processed, most likely because of activity of 
procollagen processing enzymes. The presence of high migrating bands detected by the anti- 
collagen IX antibodies is probably a result of the binding of collagen IX to collagen II and 
partially processed procollagen II. 
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[0035] The morphology of synthesized matrix was examined by light microscopy and 
transmission electron microscopy. As determined by Alcian blue staining (not shown), there was 
deposition of proteoglycans in an upper layer of a scaffold. Transmission electron microscopy 
analysis of matrices showed that collagen fibrils were deposited in matrix cavities (Fig. 8). These 
fibrils had an apparent banding and were about 20 nm in diameter. Therefore, throughout a 50- 
day culture on nanofibrillar matrices coated with recombinant full-length collagen II, 
chondrocytes maintained their phenotype and formed a cartilage-like matrix. Because the cells 
were seeded only on one side of a scaffold, the synthesis of extracellular matrix was limited to 
the upper layer only. Since the chondrocytes seeded onto non-coated fibers remained on the 
surface of a scaffold after 48 h of culture (not shown), we did not attempt to culture these cells 
over a period of 50 days. 

DISCUSSION 

[0036] The results presented here extend previous observations that the intercommunication 
between chondrocytes and the extracellular matrix involves site-specific interactions between 
integrins and collagen II. Previous attempts to localize the regions of collagen II critical for 
contact with chondrocytes lacked the ability to generate well-defined triple helical segments of 
collagen II that would cover the entire amino acid sequence of the monomer. In our studies, these 
problems were overcome by the use of genetically engineered procollagen II variants in which 
the amino acid sequences that correspond to the specific collagen D periods were purposely 
deleted. 

[0037] The data suggest that attachment and spreading of cells are controlled by different 
mechanisms. A similar adhesion of cells to all collagen II variants indicates that the collagen II a 
chains of over 1000 amino acids each contain uniformly distributed sites for the attachment of 
chondrocytes. Since the adhesion of chondrocytes to the collagen II variants was reduced by anti 
(31 integrin antibodies to about 15%, a value similar to that obtained with chondrocytes grown on 
bovine serum albumin coated plates, the main mechanism of the attachment involves pi 
integrins. It was postulated that the alpl, a2pi and alOpi integrins play a key role in the 
interaction of chondrocytes with collagen II 23 » 41 > 42 # However, the exact molecular mechanism of 
integrin mediated adhesion to collagen II is not known. Biochemical studies have shown that 
there is an important recognition site for the integrins in fibronectin 43 and collagen VI 44 , a 
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critical aspartate residue within a short peptide sequence (e.g. RGD, LDV). In collagen II, on the 
other hand, the role of such sequences in the interactions with integrins is not clear. As shown 
earlier , the linear peptides containing RGD sequences were able to inhibit cell adhesion to 
denatured collagen II, but failed to compete with the native collagen for the integrin mediated 
binding of cells. However, the cyclic peptides with RGD sequences inhibit the binding of a2pi 
integrins to collagen 45 , which indicates that the stable conformation of the peptide is critical for 
the functioning of an integrin recognition site. It was also shown that chondrocytes are able to 
migrate toward tetra-RGD containing peptides 22 . In human collagen II 46 , one RGD and two 
RGD sequences per one a chain are located in the D3 and D4 period, respectively (see Figure 9). 
Uniform binding of chondrocytes to all analyzed collagen II variants suggests, however, that the 
RGD-dependent mechanism is not significant for the pi integrin mediated adhesion of 
chondrocytes to collagen II. Recently, Knight et al. 28 reported that in collagen I the GFPGER 
sequence is as a critical recognition site for the al pi and a2pl integrins. Still, platelets that bind 
to collagen III via a2pl integrins 47 ' 48 use a different mechanism of interaction, since collagen III 
does not contain a GFPGER sequence 49 . Attachment of chondrocytes to collagen II with a 
deleted D3 period, the only region of human collagen II that contains the GFPGER sequence, 
was not different in comparison to other collagen II variants. Presumably, other amino acid 
sequences, randomly distributed through the collagen II molecule, are able to support pi 
mediated chondrocyte adhesion. 

[0038] Migration of chondrocytes depends on the interactions of integrins with components 
of the extracellular matrix 22 . Clustering of integrins 50 ' 51 and the density of extracellular ligands 
52 are important factors regulating cell migration. Data presented in this study demonstrate that 
collagen II supports the motility of chondrocytes. In the experiments with microtiter plates 
coated with different collagen II variants, chondrocytes were able to spread on full-length 
collagen II, and the collagen variants lacking the Dl, D2 or D3 periods. However, the spreading 
was significantly altered when cells were cultured on the collagen II with deleted D4 period. The 
key role of the D4 period in the pi integrin mediated migration of chondrocytes was also 
demonstrated in the experiments with the three-dimensional matrices. We have demonstrated 
that chondrocytes are not able to migrate into nanofibrous scaffolds neither when the D4 period 
is deleted from collagen II monomer, nor when the pi integrin is selectively inactivated by 
antibodies. Our results do not provide an answer as to why the D4 period is critical for the 



- 12- 



chondrocyte spreading and migration on collagen II, and further studies will be required to find a 
minimal amino acid sequence of the D4 region that is critical for pi dependent cell motility. As 
previously indicated, the D4 period contains two out of three RGD sequences present in human 
collagen II, and such clustering of the RGD sequences is critical for the migration of cells. As 
recently shown by Maheshwari et aL 53 , the clustering of the YGRGD peptide immobilized on a 
synthetic polymer was able to reduce the average ligand density required to support cell 
migration. The D-staggered axial alignment of collagen monomers, and the presence of RGD 
sequences in the narrow region of a molecule arranges these sequences into clusters that form a 
well-defined pattern (Fig. 9). Such a pattern makes the surface of collagen fibril competent for 
the integrin-mediated migration of cells. 

[0039] The results presented here indicate that collagen II consists of domains that differ in 
their ability to support attachment and migration of chondrocytes. Defining these sites is 
important for designing advanced collagen-based materials with multiple critical domains (see 
Fig. 10). Such a high density of these domains will enhance the ability of scaffolding material to 
support cells and, as a result, will promote tissue regeneration. In addition, the cassette system is 
suitable to characterize other sites of interactions, and this information can be used to engineer 
novel materials. For example, characterization of sites critical for interaction with bone 
morphogenetic proteins or collagenolytic enzymes will allow for the invention of collagen-based 
materials with improved characteristics important for delivery of growth factors and integrity of 
scaffolds. 

EXAMPLE 2 

[0040] Engineering of DNA constructs encoding multi-D collagen II cassettes — To 
engineer DNA constructs encoding collagen-like proteins with multiplied particular D periods, 
the existing DNA cassettes corresponding to various regions of procollagen II were employed 54 . 
The DNA cassettes set forth in Table 1 below were used. 
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Table 1. 

The regions of procollagen II encoded by the individual cassettes. 



Cassette 


Protein Domain Encoded 


Amino acids 
Encoded 3 


Restriction sites used in 
assembly of the multi-D 
constructs 


A 


B 


C 


Nt 


N-propeptide and N-telopeptide 


1 1 n 


Spel 




Pvul 


Dl 


Dl -period of triple helix 


138-371 


Spel 


Srfl 


BsrBI 


D2 


D2-penod of triple helix 


372-605 


Spel 


SrfJ 


BsrBI 


D3 


D3-period of triple helix 


606-839 


Spel 


Srfl 




D4 


D4-penod of triple helix 


840-1073 


Spel 


Srfl 


BstuI 


D5 


D5-penod of triple helix 


1074-1151 


Spel 


Srfl 


BsrBI 


Ct 


C-propeptide and C-telopeptide 











Amino acids are numbered from methionine encoded by start codon. 



[0041] The DNA cassettes were cloned into pcDNA2.1 vector (Invitrogen). To assemble 
DNA construct encoding multi-D4 collagen-like protein, the protocol described by Arnold et ah 
54 for assembly of the DNA construct encoding normal procollagen II was used. To engineer the 
multi-D4 collagen-like protein, the following cloning steps were taken: 



1. 


Ct+D5 


2. 


CtD5+D4 


3. 


QD5D4+D4 


4. 


CtD5D4D4+D4 


5. 


CtD5D4D4D4+Dl 


6. 


QD5D4D4D4D 1 +Nt 


7. 


Final construct: CtD5 D4D4D4D 1 Nt 



[0042] The final construct (CtD5D4D4D4DlNt, see Figure 11) was cloned into mammalian 
expression vector (pcDNA3.1; Invitrogen). Using the same cloning strategy, DNA construct 
encoding the multi-D3 collagen-like protein was also engineered. 

[0043] Expression of the multi-D cassettes DNA constructs To express multi-D cassettes, 
the DNA constructs cloned into pcDNA3.1 vector were stably transfected into HT-1080 cells by 
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calcium phosphate precipitation, and the G418-resistant clones were selected (see 55 ). The 
selected clones that secreted multi-D4 or multi-D3 collagen-like proteins were cultured under 
standard conditions without G418. To harvest the recombinant collagen-like proteins, the cells 
were cultured in Dulbecco's modified Eagle's medium supplemented with L-ascorbic acid 
phosphate magnesium salt n-hydrate (Wako; Osaka, Japan). 

[0044] Purification of recombinant collagen-like proteins — Recombinant proteins were 
purified from culture media according to the method described by Fertala et al 55 . In brief, for 
each cell line, approximately 4 L of medium harvested from each 24-hr period was filtered 
through a 1.6 jxm glass-fiber filter (Millipore) and supplemented with the following reagents at 
indicated concentrations: 0.1 M Tris-HCl buffer, 0.4 M NaCl, 25 mM EDTA, 10 mM N- 
ethylmaleimide, 1 mM /?-aminobenzamidine, and 0.02% NaN 3 adjusted to pH 7.4. High 
molecular weight proteins in the medium were concentrated approximately 1 0-fold at 4°C by the 
use of cartridges with a 100-kDa molecular weight cut-off (Prep/Scale-TFF filter; Millipore). 
Proteins in the concentrated media were precipitated overnight at 4°C with 175 mg/ml of 
ammonium sulfate and collected by centrifugation at 15,000 x g for 1 hr at 4°C. Procollagen II 
was purified using three-step ion exchange chromatography as described by Fertala et al. 55 . 
Protein peak fractions were pooled and dialyzed against a storage buffer (0.1 M Tris-HCl buffer, 
pH 7.4, with 0.4 M NaCl and 10 mM EDTA). Finally, the purified collagen-like proteins were 
concentrated by ultrafiltration on a membrane filter (YM-100; Amicon) and stored at -80°C. 

[0045] Analysis of thermal stability of novel collagen-like proteins. - To determine whether 
novel collagen-like proteins were correctly folded and whether they were stable at physiological 
range of temperatures, the limited protease digestion assay was employed. Proteins were 
incubated in a programmable heating block. After reaching set temperature, the samples were 
incubated for additional 5 min. After that time mixture of trypsin (0.1 mg/ml) and chymotrypsin 
(0.25 mg/ml) was added to the samples for 2 min. followed by adding of electrophoresis running 
buffer and boiling. Overall, trypsin-chymotrypsin digestion was carried out at temperatures 
ranging from 25°C to 42°C. Subsequently, products of digestion were separated in 7.5% 
polyacrylamide gels. The separated proteins were visualized by staining with Coomassie Blue 
(Fig. 12). 

[0046] Cleavage of procollagen II with procollagen N- and C-proteinases -To analyze 
structural integrity of the propeptides of novel proteins, procollagen propeptides were 
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enzymatically removed by cleavage with procollagen N-proteinase (EC 3.4.24.14) and 
procollagen C-proteinase (EC 3.4.24.19) purified from chick embryo tendons 56 ' 57 . Enzymatic 
digestion was carried out in 25 mM Tris-HCl buffer, pH 7.5 containing 7 mM CaCl 2 , 100 mM 
NaCl, 0.015% Brij, and 0.02% NaN3. The reaction mixture contained approximately 2 jxg of 
procollagen, 1 units of N-proteinase, and 1 units of C-proteinase. One unit of each of these 
enzymes is defined as the amount of enzyme needed to cleave 1 jig of substrate in 1 h at 35°C. 
The reaction was carried out at 37°C for 4 h. The enzymes were then inactivated by an addition 
of EDTA to a final concentration of 10 mM. Subsequently, products of enzymatic digestions 
were separated in 7.5% polyacrylamide gels. The separated proteins were visualized by staining 
with Coomassie Blue (Figs. 13 and 14). 

[0047] It will be apparent to those skilled in the art that various modifications and variations 
can be made to the present invention without departing from the spirit and scope of the 
invention. Thus, it is intended that the present invention cover the modifications and variations 
of this invention provided they come within the scope of the appended claims and their 
equivalents. 

BRIEF DESCRIPTION OF THE DRAWINGS: 

[0048] The accompanying drawings, which are incorporated in and constitute a part of this 
specification, illustrate embodiments of the invention and, together with the description, serve to 
explain the objects, advantages, and principles of the invention. 

[0049] Figures 1A-B illustrate recombinant collagen II variants lacking particular D- 
periods. Fig. 1 A is an electron microscopy of rotary shadowed recombinant procollagen II 
monomer. Segments of the molecule that correspond to particular regions, defined here as D- 
periods, are indicated by white bars. Fig. IB is a polyacrylamide gel electrophoresis of the a 
chains of recombinant variants of collagen II. Recombinant collagen a chains with deletions of a 
complete D period migrate more rapidly than full-length a chains but differently from each other 
because of variations in post-translational modifications 29 ' 39 . 

[0050] Figure 2 is a schematic of the formation of nanofibrous matrices in the process of 
electrospinning. 
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[0051] Figure 3 shows attachment of human chondrocytes to the immobilized collagen II 
variants. Symbols: black bars - illustrate attachment of chondrocytes in the absence of anti- 
human pi integrin antibodies; bars with a pattern illustrate attachment of chondrocytes in the 
presence of anti -human pi integrin antibodies; F stands for plates coated with full-length 
collagen II, -Dl, -D2 etc., plates coated with collagen II lacking specific D-periods; BSA stands 
for plates coated with bovine serum albumin. 

[0052] Figure 4C shows chondrocytes grown on the plate coated with full-length collagen II 
(F). Figure 4D shows chondrocytes grown on the plate coated with bovine serum albumin 
(BSA). Figure 4A is a graphic representation of the surface area of cells grown on the collagen 
II variants and BSA. Figure 4B shows spreading of chondrocytes cultured on the collagen II 
variants and BSA. In some experiments pi integrin-mediated interactions were blocked with 
specific antibodies. The results are expressed as a percent of cells with the surface area equal to 
(± S.D.) or greater then the mean value of surface area of the cells grown on triple helical full- 
length collagen. Black bars represent cells seeded onto collagen variants, and white bars 
represent cells seeded onto triple helical collagen in the presence of anti-pl integrin antibodies. 

[0053] Figures 5A-H show growth of human fetal chondrocytes in nanofibrous matrices 
coated with recombinant collagen II variants with specifically deleted D-periods. Figures 5A-D 
are in 500x magnification; Figures 5E-H are in l,500x magnification. Figures I-J show cells 
grown on full-length collagen II and -D4-coated nanofibrils; a view at a 14° angle; l,500x 
magnification. Symbols : F stands for matrices coated with full-length collagen II, -D3, -D4 - 
matrices coated with collagen II lacking D3 or D4 periods, BSA - matrices coated with bovine 
serum albumin. Bars : 10 ^m. 

[0054] Figures 6A-B show growth of human fetal chondrocytes in nanofibrous matrices 
coated with recombinant full-length collagen II in the presence of anti pi integrin antibodies. 
Note: in the presence of anti-pi integrin antibody cells do not migrate onto the scaffold. 

[0055] Figures 7A-B show Western blot analysis of collagen II and collagen IX synthesized 
by chondrocytes grown on nanofibrillar matrix coated with full-length collagen II after 50 days 
of culture. Figure 7A shows proteins immunostained with the anti-collagen II antibodies. Figure 
7B shows proteins immunostained with the anti-collagen IX antibodies. Symbols: Mn, Mix 
collagen II and collagen IX markers. 
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[0056] Figure 8 shows an electron microscopy analysis of matrix assembled by 
chondrocytes cultured for 50 days on a surface of nanofibrillar scaffold coated with full-length 
recombinant collagen II. Arrows indicate collagen II fibrils deposited between chondrocytes. 
Insert: Detail showing collagen fibrils with apparent periodicity. Symbols: CH; chondrocyte, CF: 
collagen fibrils. Bar: 100 nm. 

[0057] Figure 9 is a schematic of the D-periodic organization of monomers in collagen 
fibril. Sections of the monomers represent collagen D-periods. Thick lines indicate RGD 
sequences. 

[0058] Figure 10 illustrates the use of collagen cassette system for mapping critical 
interaction sites. Collagen II variants lacking specific D-periods are used to map sites important 
for interaction with enzymes, growth factors, and cells. The schematic illustrates the collagen II 
fragments that are critical for supporting chondrocytes. Consequently, the "super collagen" 
containing multiplied interaction sites will be used to prepare a scaffold with novel biological 
characteristics. 

[0059] Figure 1 1 shows an assembly of a DNA construct encoding multi D4 collagen-like 
protein. The DNA fragments constructed during each step of assembly of the multi-D4 DNA 
construct are indicated. 

[0060] Figure 12 is an analysis of structural integrity of novel collagen like protein. NOTE: 
multi D4-collagen-like protein is stable up to 42°C, which indicate correct folding of triple 
helical structure. 

[0061] Figure 13 shows cleavage of recombinant multi D4 procollagen-like protein (mD4) 
with procollagen N-proteinase. NOTE: correct processing of the N-propeptide is an indicative of 
correctly folded N-propeptide. Symbols; pro-II; normal procollagen II, pro-mD4; multi D4 
procollagen, pC-II; product derived from cleavage of procollagen with procollagen N-proteinase, 
pC-mD4; product derived from cleavage of the pro-mD4 with procollagen N-proteinase. 
Apparent difference in mass of procollagen II and pro-mD4 is most likely due to differences in 
posttranslational modifications between two proteins. 

[0062] Figure 14 shows cleavage of recombinant multi D4 procollagen-like protein (mD4) 
with procollagen C-proteinase. NOTE: correct processing of the C-propeptide is an indicative of 
correctly folded C-propeptide. Symbols: pro-II; normal procollagen II, pro-mD4; multi D4 
procollagen, pN-II; product derived from cleavage of procollagen with procollagen C-proteinase, 
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pN-mD4; product derived from cleavage of the pro-mD4 with procollagen C-proteinase. 
Apparent difference in mass of procollagen II and pro-mD4 is most likely due to differences 
post-translational modifications between two proteins. 
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